Abstract On 16 September 2015, the M W = 8.2 Illapel megathrust earthquake ruptured the Central Chilean margin. Combining inversions of displacement measurements and seismic waveforms with high frequency (HF) teleseismic backprojection, we derive a comprehensive description of the rupture, which also predicts deep ocean tsunami wave heights. We further determine moment tensors and obtain accurate depth estimates for the aftershock sequence. The earthquake nucleated near the coast but then propagated to the north and updip, attaining a peak slip of 5-6 m. In contrast, HF seismic radiation is mostly emitted downdip of the region of intense slip and arrests earlier than the long period rupture, indicating smooth slip along the shallow plate interface in the final phase. A superficially similar earthquake in 1943 with a similar aftershock zone had a much shorter source time function, which matches the duration of HF seismic radiation in the recent event, indicating that the 1943 event lacked the shallow slip.
Introduction
The idea that segmentation of plate boundary faults controls nucleation points and rupture sizes of large and great earthquakes [e.g., Ando, 1975] has been around for a long time, but due to the limited earthquake history is not straightforward to confirm, particularly in subduction zones. Whereas step overs and other fault complexity make segmentation relatively easy to map in strike-slip faults [Wesnousky, 2006; Toksöz et al., 1979] , this task is more difficult in subduction zones, where the subduction megathrust is buried and its geometry can thus not be constrained to the same level of detail. The Chilean margin is well suited to study margin segmentation because of its well known earthquake history, because of its relatively simple geometry avoiding large changes to the obliquity and rate of plate subduction, and because of the high rate of convergence, which results in a quick build up of stress and in turn the generation of many great earthquakes during the instrumental era. In addition, a dense network of Global Navigation Satellite Systems (GNSS) stations has been built up over the last decade, allowing-in combination with the availability of large-scale seismological arrays (USArray, European Broadband network, and HINET array)-detailed modeling of the rupture of recent large earthquakes.
On 16 September 2015, the Chilean margin produced another great earthquake which nucleated near the coast of the Coquimbo province in central Chile and grew into a rupture with moment magnitude (M W ) of 8.2 (GCMT and GEOFON) to 8.3 (U.S. Geological Survey, USGS). The earthquake caused a sizeable tsunami with peak height of 4.5 m measured at the Coquimbo tide gauge and ∼2 m in Valparaíso (from http://www.ioc-sealevelmonitoring.org/station.php?code=coqu). Damage from the tsunami was extensive, with a strip hundreds of meters inland from the shoreline devastated in the most strongly affected areas, but thanks to the exemplary emergency response involving the evacuation of more than one million people only, 16 fatalities were reported.
In this study we draw on a variety of geodetic and seismological data sets in order to constrain the coseismic rupture process in detail. Further, we locate and determine moment tensors for larger aftershocks based on regional and teleseismic data and compare both slip distribution and aftershock sequence to previous earthquakes.
Tectonic Setting
The area has last been hit by a great earthquake in 1943, estimated to be slightly smaller at M W = 7.8-7.9 by Beck et al. [1998] (Figure 1 ). The area immediately to the north ruptured in 1922 in a much larger earthquake, Figure 1 . Map of the study area with incoming seafloor relief [Smith and Sandwell, 1997] shown seaward of the deformation front and the locking model (Text S3.4 in the supporting information) landward of it. Black contours show 2 Ma increments of oceanic plate age [Müller et al., 2008] . Two-meter coseismic slip contours are shown in dark green (this study). White lines indicates aftershock area of 1971 and 1985 according to Comte et al. [1986] , and white bars mark the approximate along-strike extent of historical ruptures (after compilation in Beck et al. [1998] and Kelleher [1972] ). Earthquakes with magnitude greater or equal 5.0 between 1963 and just before the Illapel event are shown as gray dots (Engdahl catalog up to 2008 [Engdahl et al., 1998 ] and ISC bulletin from 2009 onward) with events between July 1997 and January 1998 plotted in magenta in order to highlight the events of the Coquimbo swarm. The main shock epicenter and focal mechanism are also marked (both GEOFON catalog). Plate convergence is shown for MORVEL plate model [DeMets et al., 2010] . JFR is the Juan-Fernandez Ridge, and CFZ is the Challenger Fracture Zone.
whereas to the south earthquakes in 1971 and 1985 broke the coupled interface and partially overlap with the 2010 Maule earthquake. A patch of relatively low interseismic coupling was inferred between the rupture areas of the 1922 and 1943 events at ∼30 ∘ S by Métois et al. [2012] and is also seen in our coupling model (Figure 1 ) (see Text S3.4 in the supporting information). The area between this boundary and the northern edge of the 2010 Maule earthquake is termed the Metropolitan segment [e.g., Métois et al., 2012] . In 1997 the region 29.6 ∘ -31 ∘ S experienced swarm-like activity (Coquimbo swarm), which included several M W > 6 events and involved both the plate interface and intraplate events within the downgoing plate [Lemoine et al., 2001] (Figure 1 ).
The major bathymetric feature in the area is the Juan-Fernandez Ridge (JFR), a hot spot chain, which intersects the trench near 32.5 ∘ S. The ridge blocks northward flow of sediments, yielding a sharp contrast between a trench filled with ample sediment in the south to a sediment starved trench with less than 1 km of sediments within the Metropolitan segment [Contreras-Reyes et al., 2015] . As a direct result of the contrasting sediment thickness, the subduction style changes from accretionary in the south to erosive in the north [von Huene et al., 1997] . The JFR further marks the transition to flat slab subduction in the north [Pardo et al., 2002] , but the slab interface at seismogenic depths (≲50 km depth) has a dip of 20-22 ∘ both to to the north and south (Lange et al. [2012] , Hayes et al. [2012] , and this study). In the north the Challenger Fracture Zone (CFZ), which intersects the margin at 30 ∘ S, is associated with an age offset of 3.5 Myr but does not exhibit significant relief (Figure 1 ).
Coseismic Rupture
Displacements measured at continuous GNSS stations ( Figure S4 ) indicate uplift of the coastline and westward motion approximately radially toward a point offshore near 31.2 ∘ S. Nearfield interferometric synthetic aperture radar (InSAR) fringes also align along a circular pattern ( Figure S1 ) focused on this area. These observations point to a simple rupture with peak slip located offshore at this latitude.
We applied different approaches for inferring coseismic slip and rupture evolution. First, we model the coseismic displacement field as recorded by continuous GNSS stations using a realistic geometry for the plate interface (SLAB1.0) [Hayes et al., 2012] and laterally heterogeneous elastic structure [Tassara and Echaurren, 2012] , following the methodology of Moreno et al. [2012] (see Text S3 for more detail). In Figures 1 and 3 we show the model for the purely coseismic displacement, but using the same geometry, we also calculated the model based on the daily GNSS solution and InSAR data, which also includes the effects of the first day of postseismic slip including an M W = 7.0 aftershock, shown in Figures S4 and S11b. In a second approach, we model the waveforms at 22 azimuthally well-distributed stations at teleseismic distances in order to invert for slip along a planar rupture interface defined by the shallow dipping fault plane of the moment tensor solution (see Text S4). This inversion is also constrained by strong motion and high-rate GPS waveforms, and static displacements from GNSS stations and InSAR. A third view of the rupture is provided by the backpropagation of seismic arrivals at North American stations. The data are filtered between 1 and 4 Hz, and the potential emission point corresponding to the highest semblance at each time step is identified as an emitter of high-frequency seismic radiation (HFSR) (see Text S5). HFSR tracks the progression of the rupture but is not proportional to slip. Instead, HFSR is emitted where there are strong changes to the slip or rupture propagation velocity. For a perfectly smooth rupture, HFSR would only be emitted at the onset and arrest of the rupture, but in realistic ruptures HFSR tracks rough parts of the rupture process.
The coseismic slip estimated by the former two methods results in a broadly similar rupture pattern (Figures 2 and S11), albeit with a somewhat different peak slip of ∼6 m and 4.8 m in the geodetic finite element model and joint inversion models, respectively. The geodetic solution also has a more elongated region of maximum slip. In agreement with the relatively simple slip pattern, the moment rate function is shaped like a triangle, except for a separate low-energy nucleation phase of 15 s duration, during which the rupture stays close to the nucleation point. The nucleation phase is seen both in the kinematic model, where the rupture expands, but stays centered on the hypocenter and in the backprojection results, where small amounts of HFSR are emitted from points very close to the hypocenter. This phase is associated with only moderate cumulative slip of less than 2 m. In the latter phase the rupture propagates northward and updip, gaining in strength in the process. The HFSR tracks the northward propagation, marking approximately the deeper edge of significant coseismic slip. In the final phase of the rupture, finite slip has moved to the near-trench region and no significant HFSR can be detected anymore. This may indicate a long rise time and ongoing smooth slip.
The concentration of HFSR at the downdip edge of coseismic slip has been observed for most recent great megathrust earthquakes (e.g., Tohoku) [Koper et al., 2011, Maule Kiser and Ishii, 2012; Palo et al., 2014] but not all: for the Iquique earthquake coseismic slip evolution and HFSR seem to be related more closely although the HFSR still occurs slightly downdip of the peak slip [Schurr et al., 2014] . The absence of HFSR during the final phase of the rupture is maybe also unsurprising as then little to no slip occurs in the region which is capable of generating HFSR, with the shallow interface generally seen as an area where slip tends to progress slowly when it does propagate into this region at all [Bilek et al., 2004] .
Although we did not invert DART buoy observations, we calculated predicted tsunami wave heights at three buoys (see Text S6). We note that the horizontal motion of the seafloor in the area of the steep forearc topography makes a significant contribution to the tsunami amplitudes for this earthquake. In spite of the differences in peak slip both the geodetic and joint inversion model can fit amplitude and approximate timing of the leading wave of the tsunami (Figures 2d and S15) . As all the buoys are in a low-energy lobe of the tsunami radiation pattern, directivity effects result in a strong dependence on the strike of the rupture. Here we find that the joint inversion result assuming the strike of the GEOFON moment tensor solution somewhat underpredicts the tsunami amplitudes.
Aftershock Distribution
As expected for an earthquake of this size, the aftershock activity in the following weeks was high. Our catalog of aftershocks for the first five weeks comprises 215 events above M W 4. Clear depth phases (pP and sP) observed at teleseismic distances allowed us to constrain focal depth to within a few kilometers for most events (see Text S7). This is particularly important for offshore events for which onshore local network locations tend to be less reliable. We augment the catalog of aftershocks by identifying peaks in the semblance The color image shows the dip component of coseismic slip in the joint inversion model, with slip less than 1 m omitted, as this is not well constrained. The slip evolution in the finite frequency model is visualized for frames every 10 s; the contours are drawn at 50% of the instantaneous slip rate maximum, with their color indicating time since origin and their thickness being scaled according to the maximum slip rate in the frame. Diamonds show emission of HFSR (1-4 Hz) throughout the rupture (plotted every second); their size is scaled according to the peak energy of the stack, and only points with associated semblance of more than 0.06 are plotted. (b) Comparison of the moment rate function estimated from finite fault inversion (gray) and history of peak backprojected energy in each time frame (red line), and moment rate function for the 1943 event from Beck et al. [1998] (black line), shifted by 12 s to latter times for visualization purposes and in order to line up the main phases of both events; a weak nucleation phase like that in the 2015 earthquake might have been missed in the historical data or been absent. The units of backprojected energy are arbitrary. The secondary peak of the backprojected energy at ∼45 s, corresponding to the northeasternmost emission points (orange diamonds) is probably real but could also be the depth phase echo (more likely sP than pP) of the main peak at ∼30 s. The 1943 moment rate function becomes negative after the initial peak, and its later evolution (shown by dashed line) is likely to reflect propagation rather than source effects. of backprojected waveforms in the first 6 h of waveform data after the main shock. In addition, we computed 109 moment tensors for most events above approximately M W 4.5. The dominant type of aftershocks are shallowly dipping thrust events with a dip consistent with slip on the plate interface (Figures 3 and 4) . Although depths scatter by 5-10 km, this scatter can be attributed to uncertainty of the depth determination and does not contradict a plate interface origin for the shallowly dipping thrust events.
The largest aftershocks (up to M7.0) occurred in the epicentral area, and this area remains the focus of the most intense aftershock activity throughout at least the first month of the aftershock sequence, alongside another area near the coast at the northern rupture limit (∼31.5 ∘ S). The small amount of slip in these areas agrees with the idea that aftershocks-or aseismic creep loading the patches on which aftershocks occur-fill slip deficits left behind by the main rupture [e.g., Perfettini et al., 2010; Kiser and Ishii, 2013] , but raises the question, "why has slip progressed so reluctantly in the first phase of the rupture?" In fact, the nucleation area might 10.1002/2015GL066963 Orange outline marks events which have occurred within 24 h of the main shock, including an M W 7.0 event just 24 min after the main shock and close to its epicenter, the largest aftershock so far. Small stars mark additional events during the first hour identified by backprojection analysis (only epicenter available). Events with focal mechanism are color coded by mechanism type: green thrusts, red normal faulting, and blue oblique. Dotted blue lines show locations of cross sections shown in Figure 4 . The 1943 aftershock and isoseismal zone is after Kelleher [1972] . Orange lines show extrapolated traces of subducted JFR and CFZ. The background image shows the coseismic change in Coulomb Failure Stress (CFS). Other elements as in Figure 1. have been less strongly coupled to begin with; nucleation and later aftershock activity on less coupled parts of the megathrust have been clearly observed in other great megathrust earthquakes, e.g., Maule 2010, [Lorito et al., 2011] and Nias 2005 [Chlieh et al., 2008; Tilmann et al., 2010] , and this interpretation is consistent with the locking model (Figure 1 ). Plate interface seismicity extends along-strike well beyond the coseismic rupture by approximately 75 km in the south to 50 km in the north (Figure 3) . Events in these areas occurred very soon after the rupture: the distribution of events during the first 24 h (red circles events in Figure 3 ) does not deviate significantly from their distribution over the first week. This fairly rapid triggering points to static Coulomb failure stress changes (ΔCFS) induced by the main shock as the primary triggering mechanisms rather than aseismic creep. The predicted ΔCFS at the furthest points at which unarguably aftershocks occur is 0.2 MPa in the south (at 32.3 ∘ S 72 ∘ W) and 0.018 MPa in the north (at 29.5 ∘ S, 71.9 ∘ W) (Figure 3 , calculated for the geodetic model). The exact values are quite sensitive to the details of the rupture model, but it is clear they are above [Hayes et al., 2012] . The swath width is 20 km in both directions. Cross-section A passes through the hypocenter and the surrounding cluster of strong aftershock activity. Cross-section B shows activity in the outer rise area. Tops of plots show topography along the profile (dots along the profile show variability within the swath). For very shallow events, it is not possible to constrain the depth using regional and teleseismic data, and the depth is therefore fixed at a nominal depth of 10 km; this depth range is marked with a gray background in the figure. the ΔCFS values where triggered activity has been demonstrated in previous studies [Seeber and Armbruster, 2000; Ziv and Rubin, 2000] . Qualitatively, we see a good agreement between aftershock locations and areas of enhanced CFS, most notably the two patches downdip of the rupture just mentioned (Figure 3) . The strong increase in CFS predicted for the shallow plate interface is not associated with corresponding seismic activities, but here, generally, frictional properties are such that earthquakes cannot nucleate, even if some slip can occur as part of larger rupture. However, the group of earthquakes within the lobe of negative ΔCFS extending to the east of the coastline is unexpected in this context.
The second most important group of aftershocks comprises normal faulting events in the oceanic plate. Most of these are located close to the trench and can be considered outer rise events resulting from a combination of bending and horizontal tensional stresses. These types of events often follow great subduction earthquakes as a result of increased tensional load [e.g., Lay et al., 1989] , particularly where the shallow part of the plate interface has ruptured and adjacent to the main slip patches, a pattern observable both in the Maule [Lange et al., 2012; Agurto et al., 2012; Hayes et al., 2013] and Tohoku aftershock sequences [Sato et al., 2012] . In contrast, hardly any normal-faulting events were observed following the 2014 Iquique earthquake and none near the trench in spite of the similar moment magnitudes of the Iquique and Illapel earthquakes. This difference in outer rise response confirms that the Illapel earthquake ruptured onto a shallower part of the plate interface than the Iquique earthquake, including possible slip right to the trench. A few normal-faulting events occured below the forearc and close to the expected interface, making it difficult to decide whether they have ruptured in the continental or oceanic plate. In any case, shallow normal faulting aftershocks in the forearc, which were so prominent in the Maule and Tohoku aftershock sequences Farías et al., 2011; Ruiz et al., 2014; Kato et al., 2011] , are notably absent in spite of the presence of a prominent, apparently active normal fault in a seismic reflection profile at 31 ∘ S ∼25 km offshore [Contreras-Reyes et al., 2015] .
Also in contrast to the Iquique and Maule earthquakes, there is only very little aftershock activity in the forearc crust; the only events of this type with moment tensors are oblique thrusts occurring in the parts of the segment having experienced little slip during the main event.
Discussion and Conclusion
Taking into account the coseismic slip modeling results, the tsunami buoy pressure records, and the backprojection results, it appears that the Illapel earthquake has ruptured across the width of the seismogenic zone. Rupture thus initiated at the downdip end of the primary seismogenic zone (domain B in terminology of Lay et al. [2012] , which will be used throughout the discussion) and took in both the shallow part of the megathrust, particularly important for tsunami excitation (domain A) and the deeper part (domain C), which most efficiently generates HFSR and is responsible for most of the shaking; reported intensities were VIII-IX adjacent to the rupture zone in the DYFI database of the USGS (http://earthquake.usgs.gov/earthquakes/ eventpage/us20003k7a#impact_dyfi, accessed 26 October 2015), and the highest instrumentally recorded peak ground acceleration was 0.75 g.
The along-strike extent of the Illapel rupture coincides approximately with a local high in interseismic locking in our updated locking map (Figure 1) . A similar pattern is found in the locking map of Métois et al. [2012] . The updip extent of locking is very hard to constrain such that the shift in dip direction between peak slip and maximum locking is not significant. The aftershocks extend into the areas of intermediate locking to the south and north. Métois et al. [2012] had already pointed out the possible role of incoming seafloor features, i.e., the JFR and CFZ, in controlling the segment boundaries as their projection below the forearc approximately coincides with the region of low locking. However, the actual coseismic rupture is clearly much smaller than the gap between these features (Figure 1 ), such that it is hard to make the argument that the main shock rupture was arrested by either of them. In fact, fracture zones are unlikely candidates for arresting ruptures because the 1960 Chile earthquake ruptured through the southern Chile margin across the entry points of several prominent fracture zones with age offsets exceeding that of the CFZ and more bathymetric relief. Instead, the projections of the JFR and CFZ below the margin seem to mark the limits of significant aftershock activity (the larger event near 33 ∘ S could easily be a coincidental independent event). The coincidence of the entry point of a seamount chain with the limits of the aftershock zone, rather than with the main shock rupture zone limits, was also observed for the Tohoku earthquake [Shinohara et al., 2012] .
The presence of a local high in locking and the fact that prior earthquakes in 1943 and 1880 seem to have broken a similar part of the margin justify the identification of the area between 30 ∘ and 32 ∘ S as a distinct segment [Métois et al., 2012 [Métois et al., , 2014 , even though in the earlier earthquake history its southern boundary seems to have been breached by earthquakes in 1730 and maybe in 1647 [Beck et al., 1998 ]. The accumulated margin-normal slip deficit since 1943 is 5.31 m for full locking (based on convergence of 78 mm/year at 19 ∘ obliqueness) [DeMets et al., 2010] , similar to the actual peak slip of the Illapel earthquake. Leaving the case of the eighteenth century multisegment rupture aside, the Coquimbo-Illapel margin thus seems to be an ideal host for characteristic earthquakes, i.e., earthquakes with very similar properties in subsequent seismic cycles. The rupture extent of the 1943 earthquake as estimated from isoseismal contours, appears to be broadly similar to that of the recent earthquake but extends further south (Figure 3 ). Peak intensities of IX-X on the Mercalli-Sieberg scale are also comparable (Beck et al. [1998] citing Kelleher [1972] and unpublished map by F. Greve [1946] ). Only a few aftershocks were located teleseismically such that their along-strike extent (30.4 ∘ -31.8 ∘ S) is maybe not representative. Instead, Kelleher [1972] used S-P times recorded at LaPaz, Bolivia, to estimate the extent of the aftershock zone (29.7 ∘ -33 ∘ S), which is remarkably similar to the present aftershock sequence (Figure 3) , although unfortunately it is not clear from Kelleher's paper how well constrained that range is.
In contrast to this superficial similarity stands the much smaller seismic moment determined for the 1943 event by Beck et al., 1998 (6 × 10 20 Nm, only about a fourth of the moment of the recent event). Whereas the amplification of some of the historical records used may be poorly determined [Beck et al., 1998 ], Beck et al., 1998 also infer a much briefer source time function of only ∼25 s duration, with peak slip attained after 17 s (Figure 2b ). Even if we discount the early weak phase of the 2015 shock it is clear that the recent event ruptured at least twice as long. In fact, the very different source characteristics are immediately obvious from a direct comparison of the recordings of the 2015 and 1943 earthquakes at similar distances, which show a much longer long-period P wave phase for the 2015 event (Figure 2c) . The difference in moment cannot be explained by the difference in recurrence time (63 years between 1880 and 1943, and 82 years between 1943 and 2015) , most clearly so when the slip in the 1943 event is estimated by assuming identical rupture areas (as indicated by the similar aftershock areas, implying the slip in 1943 would have been about one fourth of the slip in 2015, i.e., 1-1.5 m), less clearly but still visibly so from scaling relations (which predict the 2015 event to have 2.5 times the area of the 1943 event; i.e., relative to the four times larger moment, an average slip 1.6 times smaller than the slip observed now would be inferred). Indeed, based on the similar along-strike extent and intensities one may speculate that the 1943 event lacked the final rupture phase where slip occurred predominantly in the shallowest part of the interface. Incidentally, the 1943 moment rate function has a similar length as the HFSR time evolution (Figure 2b ). In contrast, a similar time evolution of HFSR time history and moment rate function was observed for the Iquique earthquake [Schurr et al., 2014] , which did not rupture the shallow interface. Therefore, the rupture on the deeper part of the subduction interface (in domains B and C) was potentially quite similar for the 1943 and 2015 events, albeit somewhat smaller slip would have been required for the 1943 event based on its lower estimated moment. If the shallow megathrust is only partially coupled, it might require several seismic cycles of the central part of the interface (domain B) to accumulate sufficient slip deficit for failure to occur there (domain A). Of course, this also implies that shallow postseismic slip, if it occurred at all following the 1943 event, should not fully compensate the slip deficit. The possible longer interval between ruptures on the shallowest part of the plate interface might be the reason why globally tsunami earthquakes, i.e., earthquakes which have almost all their slip concentrated in the shallow part of the interface and which generate tsunamis disproportionately large relative to their seismic moment [Kanamori, 1972] , are rare. Alternatively, one can hypothesize that the 1943 earthquake released the accumulated shear stress only incompletely. In a time-predictable earthquake scenario this would imply that the 1880 event also caused similarly sized, equally incomplete stress release. However, as locking is complete, the peak slip in 2015 would have been expected to exceed the slip deficit accumulated since 1943, contrary to observations. In either scenario, it is curious that the 1997 Coquimbo swarm did not trigger a major interface event earlier, as the suggestion put forward by Lay et al. [2014] that this segment is accumulating interseismic stress more slowly is all but disproven by the recent event. It seems that we might simply have to accept the highly complex nature of the earthquake generation process, where the strong dependence on initial conditions-such as the prestress left behind by historical earthquakes-makes it almost impossible to predict the size of future ruptures with any confidence, even if the interseismic stress accumulation (locking model) is constant and known [Nic Bhloscaidh et al., 2015] .
In conclusion even this simple segment does not seem to produce characteristic earthquakes in the strict sense, and slip predictability can be rejected. This finding is consistent with statistical approaches, which find that the frequency-magnitude distributions determined for the major subduction zones are consistent with the standard Gutenberg-Richter power law distribution, contrary to the prediction of the characteristic earthquake hypothesis [Naylor et al., 2009] . Considering the events in 1971, 1985, and 2010 , the area to the south has arguably completed its seismic cycle for this generation, and no M > 8 earthquake is expected there in the near future. This throws the spotlight on the Atacama segment to the north, which has ruptured in a great earthquake in 1922 and has not experienced an event with M > 7.5 since but is likely to be further loaded by the postseismic response to the Illapel earthquake in the months to come. This segment thus remains at significant risk for another great earthquake and accompanying tsunami.
